The southern part of the Cretaceous Kohistan island arc is occupied by an extensive belt dominantly comprised of amphibolites. These include banded amphibolites of partly meta-volcanic parentage, and non-banded amphibolites derived from intrusive rock. In addition to being relict, banding has also been produced by shear deformation, metamorphic/metasomatic segregation and, possibly, by lit-par-lit injection of plagiogranitic material. Non-banded amphibolites also occur as retrograde products of noritic granulites forming the lopolithic Chilas complex. The chemistry of 37 rocks has been compared with those of known tectonic environments. The amphibolites have chemical characteristics similar to volcanic rocks found in island arcs and most of the analyses apparently support affinity with the calc-alkaline series. The amphibolites consist essentially of hornblende, plagioclase and/or epidote. Garnet and clinopyroxene have developed locally in rocks of appropriate bulk composition. Metamorphism may have taken place during the mid-Cretaceous under conditions of 550 to 680 ~ and 4.5 to 6.5 kbar PH2o. The metamorphic grade appears to increase from the centre of the southern belt toward the Chilas complex to the north and Indus-Zangbo suture (IZS) to the south. In the vicinity of the IZS, garnet-clinopyroxene + amphibole assemblage developed locally in response to high P-T.
Introduction

THE Indus Zangbo Suture (IZS) in Ladakh and
Kohistan bifurcates into the Main Karakoram Thrust (MKT) in the north, and the Main Mantle Thrust (MMT) in the south. Both are characterized by the association of ophiolitic mrlanges and, in the case of MMT, blueschists and high-P garnet granulites. The MKT and MMT extend E-W as northerly convex arcs that are terminated in eastern Afghanistan by the N-S Bela-ZhobWaziristan suture. They enclose the dominantly Cretaceous Kohistan-Ladakh island arc, to the north of which occurs the Karakoram plate and to the south, Indian plate. Several lithologies common to Kohistan and Ladakh are separated by the N-S elongated Nanga Parbat-Haramosh dome. The Kohistan part appears to represent a deeper and the Ladakh part a shallower section of the arc that became an Andean-type margin during the Late Cretaceous (for further details, see Tahirkheli and Jan, 1979; Tahirkheli et al., 1979; Klootwijk et al., 1979; Andrews-Speed and Brookfield, 1982; Coward et al., 1982 Coward et al., , 1986 Mineralogical Magazine, April 1988, Vol. 52, pp. 147-159 (~ Copyright the Mineralogical Society Honegger et al., 1982; Bard, 1983a,b; Thakur and Sharma, 1983; Windley et al., in press ).
The --36 000 km 2 Kohistan island arc is tilted so that a complete sequence can be observed in the Middle Indus valley (Fig. 1) . A N-S section across the arc between MKT and MMT shows the following major lithologies, each stretching for several hundred kilometers.
(1) Yasin Group: Mid Cretaceous, mainly detrital sediments of deep-water origin, probably deposited in intra-arc basin. These consist of slates, turbidites, volcaniclastics, limestone and basal conglomerate (Ivanac et al., 1956; Coward et al., 1986) .
(2) Chalt Volcanics: Cretaceous and possibly Late Jurassic lava flows (some pillowed), tufts, pyroclastics and minor calcareous rocks underlying the Yasin group. These represent a basaltandesite-rhyolite series island-arc volcanics metamorphosed to the greenschist facies (Ivanac et al., 1956) . calcareous metasediments and metavolcanics (amphibolites). The Tertiary plutons are generally undeformed but the Cretaceous ones are metamorphosed and therefore deformed (Jan and Asif, 1983; Petterson and Windley, 1985) . (4) The Chilas Complex: Early to Middle Cretaceous, over 300km long and up to 40km wide, a~ lopolithic body of granulite facies metamorphosed gabbro-norites, with some hypersthenequartz diorites, gabbros, troctolites, anorthosites, pyroxenites, chromite-layered dunites and peridotites, and retrograde amphibolites (Jan et al., 1984) .
(5) Southern (Kamila) Amphibolite Belt: These, the subject of this paper, form an extensive belt of possibly Late Jurassic-Cretaceous metavolcanics with a variety of plutonic rocks (ultramafics, gabbros, diorites, tonalites, granites, trondhjemites), and rare siliceous and calcareous metasediments .
(6) The Jijal-Patan Complex: A -150 km 2 tectonic wedge of ultramafic rocks, and maficultramafic garnet-granulites possibly related to the Chilas complex. The granulites have a Sm-Nd mineral isochron age of 104Ma (Coward et al., 1986) . It has been suggested that they were equilibrated during a subduction-related metamorphism at deep crustal level (>40kin, Jan and Howie, 1981; Bard, 1983b) .
(7) In west-central Kohistan in Swat and Dir occur andesite--dacite-rhyolite-ignimbrite flows, tufts and agglomerates of Eocene-Oligocene age (Majid and Paracha, 1980) . These overlie earlier Kohistan-Ladakh plutons and Cretaceous detrital sediments of the Kalam group and are cut by younger granitic intrusions. This paper uses the chemistry of 37 rocks to explore the parentage of banded amphibolites and associated amphibole gneisses from the Southern (Kamila) Amphibolite Belt, and to elicit the tectonic environments of these amphibolites from southern Kohistan. Details of petrography have been presented by and only a summary is included here.
Petrography
Amphibolites ) not only form the bulk of the southern belt but are also widespread in the Chilas complex, where they are a retrograde product of noritic granulites and generally consist of amphibole, plagioclase, minor oxide + quartz, with local chlorite, epidote and, very rarely, garnet. The southern ones range from mela-amphibolites to leucocratic hornblende gneisses and can be classified into (1) medium-to fine-grained banded, and (2) medium-to coarse-grained nonbanded types. These consist essentially of hornblende, plagioclase and/or epidote, with increasing quartz in the gneisses. Opaque minerals, apatite, ruffle and/or sphene are the common accessory minerals. Micas, garnet, clinopyroxene, cummingtonite, actinolite, zoisite, chlorite, calcite, Kfeldspar, kyanite, tourmaline, and green spinel are locally present (Chaudhry et al., 1974; Bard, 1983b) . Corundum/staurolite amphibolites containing alumino-tschermakite and secondary margarite have been described from southern Dir (Jan et al., 1971; Van de Kamp and Leake, 1975) .
The southern amphibolite belt is structurally complex with at least three phases of deformation; isoclinal folding and shearing are common. The banded rocks, forming over a quarter of the exposures, are characterized by the concentration of' hornblende and plagioclase + quartz in alternate bands; however, garnet-, epidote-and quartz-rich bands also occur locally. Some bands are plagiogranite in composition and locally they may be sufficiently more abundant than the associated amphibolites to be called hornblende gneisses.
Intercalations in a few places are metasedimentary lithologies, e.g. quartzites, marbles, micaceous bands and patches, calc-silicates, clinozoisite-corundum rocks. These, coupled with banding, led previous workers to conclude that the banded amphibolites are themselves metasedimentary. The non-banded amphibolites, generally, are medium-to coarse-grained and display intrusive relationships with their host rocks.
The plagioclase in the amphibolites is principally andesine and in the gneisses it is oligoclase in composition. Labradorite occurs in some rocks, reflecting a higher metamorphic grade and/or the influence of bulk chemistry and mineralogy. The epidote ranges from Psi0 to Ps27 but some rocks contain zoisite or clinozoisite. Bard (1983b) has reported coexisting Fe-poor and Fe-rich phases in some rocks. The garnet is almandine-rich (Aim54 to Aim68 ) and clinopyroxene is diopsidesalite. The hornblendic amphibole is rich in A120 3 (averaging 14.6%), the content of A1, Ti and the A-site being controlled by bulk chemistry, mineralogy and metamorphic grade (Jan and Howie, 1982) .
Origin of garnet and clinopyroxene. The sporadic development of garnet in marie rocks has been attributed to variations in rock chemistry and/or metamorphic conditions (Leake, 1963; Buddington, 1966; De Waard, 1967; Manna and Sen, 1974) . The occurrence of garnet in the southern amphibolite belt is also sporadic. In some places, garnetiferous bands are intimately associated with non-garnetiferous ones, suggesting a chemical control over garnet growth. Only six of the analysed rocks contain garnet and in these the low Mg/Fe and/or high normative An/Ab seem to have played the principal role.
The development of clinopyroxene in the southern amphibolites is also controlled by bulk chemistry, i.e. high CaO (>12%) and high normative Di/An. Studies in Ireland (Leake, 1972) and Greenland (Kalsbeek and Leake, 1970) on amphibolite terrains also suggest that high CaO leads to clinopyroxene growth.
P-T Estimates for southern belt
Temperature estimates based on eight geothermometers are presented for rocks from the southern belt (Table 1 ; see also Jan, , 1980 ). Plyusina's method suggests that pressures ranged from 5 to 7 kbar. The AFi/A1 iv ratios of the amphiboles are high (Jan and Howie, 1982) and plot along the assumed 5 kbar isobar of Raase (1974) . A pressure of 5.5 kbar is also estimated for the three samples in column 6 of Table 1 (after Dobretsov et al., 1972) . The system CaO-A1203-SiO2-H20 has been investigated by Storre and Nitsch (1974) , Chatterjee (1976) , Chatterjee et al. (1984) , and others. The reaction margarite = anorthite + corundum + H20 is stable at 565 ~ 4 kbar to 630 ~ 7 kbar. In the reactions margarite + anorthite = zoisite + kyanite, and margarite + quartz = zoisite + kyanite + H20 , the lefthand-side assemblages are stable at temperatures below 650 ~ at P < 7 kbar. Margarite occurs in some amphibolites, whilst corundum + plagioclase at only four places, in two of which the corundum is marginally replaced by margarite. The kyanite + clinozoisite assemblage is very rare (Bard, 1983b) . Thus, as expected, P-T conditions must have varied over the area of the southern amphibolites. Coward et al. (1986) , one would expect lower P-T conditions during their metamorphism. Hence some of the granulite lenses may have been remobilized from depth. Near Alpurai, just north of MMT, garnet granulite assemblages are locally hosted by amphibolites. Here the proportion of migmatites and 685** granitic bodies also appears to be greater. It is possible that, like the neighbouring Jijal complex (Jan and Howie, 1981) , this area underwent higher P-T metamorphism (granulite facies), followed by retrograde equilibration of the amphibolite facies. Table 1 shows that T estimates increase northwards from the centre of the amphibolite belt towards the noritic granulites of the Chilas complex. There are no estimates available for the southem half of the belt in the Swat valley, but in the Indus valley there is an increase also from the middle towards the south. This is either due to thermal effects associated with the Chilas complex and subduction process, or to large-scale synclinal folding in the Indus valley (cf. Coward et al., 1982) .
1,2,3 based on amphibole-plagioclase models of Perehuk (1966), Spear (1980 ) 9 Plyusina (1982 , respectively. (1966) and Graham and Powell (1984) , respectively. 6 based on reaction Ca-garnet+anorthite+iron oxide = epldote+ quartz, using Dobretsov et al.'s (1972) Fig. 91b , p.313.
4,5 based on garnet-hornblende thermometers of Perehuk
7* based on Cpx-Hbl geotbermometer of Percbuk (1969).
7** average temperature derived from biotite-garnet geothermometers of Perehuk (1969 , Thompsom (1976 , Goldman and Albee (1977) and Ferry and Spear (1978) , yielding estimates of 660 ~ 69009 630~ and 755 ~ respectively.
194 is a retrograde amphibolite within the Chilas complex.
The estimates suggest that the rocks were metamorphosed at 550 to 680~ 4.5-6.5 kbar Pn2o. These temperature estimates are higher than those proposed for epidote amphibolites (Hietanen, 1967; Sobolev et al., 1967) . In the Guiana shield, epidote and basic adesine coexist up to the boundary of the granulite facies (Cannon, 1966) . Thus the presence or absence of epidote in the southern belt cannot be used as a reliable criterion of metamorphic grade. Evidence of partial melting has been found in a few places, and the occurrence of granitic rocks and 'migmatites' is consistent with temperatures in excess of 600 ~ Chilas-like rocks of the granulite fades (marginally amphibolitized), are locally present in the southern belt. Thus, it has been suggested that either the granulite masses were remobilized or the entire amphibolite belt was degranulitized (Jan, 1980; Bard, 1983b) . Whilst retrograde amphibolitization may have taken place along the southern margin of the amphibolite belt in the Geochemistry Analyses and C.I.P.W. norms for representative rocks are presented in Table 2 . (A complete list can be obtained from the author). Major oxide variation against Thornton and Tuttle's (1960) differentiation index (D.I.) is shown in Fig. 2 . There is a general decrease in total Fe, TiO 2, CaO and MgO, and an increase in SiO 2 and Na20 with increasing D.I. The non-banded amphibolites from the Chilas complex as well as the southern belt show systematic variation but the plots of the banded rocks are scattered. The non-banded rocks also show an increase in A1203 and K20 with D.I., whereas the plots of the banded rocks are inconclusive.
Plots of Ba, Rb, Sr, and Y are scattered but Ni, Co and, ignoring a few analyses, Cr decrease and Zr increases with D.I. (figure not shown). Despite a regular variation of major oxides against D.I., it cannot be ascertained from trace element and other diagrams whether the nonbanded amphibolites from the Chilas complex and the southern belt are comagmatic.
Origin of the banded amphibolites and gneisses.
Amphibolites can form by metamorphism of: (a) Table 2 XRF analyses distinguished from wet analyses by the absence of H20-in the former, 177-369 banded amphibolites and associated Fig. 3C is after Tarney (1977) and in Fig. 3D after Winchester and Max (1982) . Crosses are for banded amphibolites and associated rocks, dots for non-banded amphibolites from the southern belt, and circles for non-banded amphibolites from the Chilas complex. Plots include two metasediments not plotted elsewhere.
within, or at the edge of, the field for Karroo dolerites (cf. Leake, 1964) . The Cr-mg, Ni-mg, TiO2-SiO2, and Zr/TiO2-Ni relations of the rocks are shown in Fig. 3 . A positive correlation between Cr, Ni and mg is a characteristic feature of igneous rocks, whereas mixtures of pelite and calcareous rocks produce almost perpendicular trends to those of igneous rocks (Leake, 1964; Van de Kamp, 1969) . The Ni-mg relation of the rocks is akin to that of igneous rocks and although a positive correlation cannot be seen clearly in Cr and mg, the trend is certainly not indicative of sediments. On the TiO2-SiO 2 diagram (Fig. 3C) of Tarney (1977) , all but two analyses plot in the igneous field. In the Zr/TiO 2 v. Ni diagram (Fig. 3D) ; Winchester and Max, 1982) only four rocks classify as sedimentary: a banded amphibolite with low (possibly underestimated) TiO 2 (0.15%); a banded gneiss; an impure marble and a sedimentary rock containing 3.2% MnO. It is, therefore, concluded that the banded amphibolites are largely of igneous origin as no evidence of sedimentary parentage can be found even in the gneisses.
In addition to a relict feature, banding in the Kohistan amphibolites can be attributed to several factors. In many places, banded amphibolites have developed along shear zones in homogeneous amphibolites. Some 7 km north of Patan, pink orthoclase megacrysts in shear-banded amphibolites suggest the introduction of potash. Banding in some places may have resulted from metamorphic/metasomatic segregation. Along the Indus south of Jaglot, pillow lavas have been locally stretched so that their crusts and cores produce distinct banding. By analogy, some banding in the southern amphibolites may have formed in a similar way.
The possibility of thin volcanic flows or tufts cannot be totally ruled out, but this would require bimodal/alternate volcanism of basaltic and sodarhyolite/quartz latite composition now represented by amphibolites and plagiogranite. In Ladakh (Dietrich et al., 1983) and Chalt (Ivanac et al., 1956 ) minor acid volcanics are interbedded with basic and intermediate flows, but the acid flows are generally over a metre thick and thinbedded sequences of such rocks have not been reported. Rare intrusive relationships suggest that the leucocratic bands and even larger bodies in some cases may represent plagiogranitic injections that might be partial melting products of the amphibolites during metamorphism.
Tectonic settings. The discriminant diagrams used in distinguishing the tectonic environments of igneous rocks are generally based on wellknown volcanic examples. Their application to medium-and high-grade metamorphic rocks can, therefore, be challenged. High-grade metamorphism generally results in the depletion of rocks in Rb, K, Ba and, to a lesser extent, Sr, Th, U, Pb, Na, etc. (Sighinolfi and Gorgoni, 1978; Rollinson and Windley, 1980; Weaver and Tarney, 1981; Sheraton, 1984) . Plots of the elements against Ti and Zr (considered as immobile) reveal a considerable scatter in K20, Rb, K/Rb, Ba, Sr, and Na; some scatter was also observed in Cr and Ni. In the absence of other means, however, the various discriminant diagrams were also applied to the amphibolites; fortunately, they yielded consistent results.
On Ba, TiO2, Ni and Cr against FeO*/MgO diagrams of Miyashiro (1975) and Miyashiro and Shido (1975) , the rocks fall mainly in the field of volcanics from island arcs and continental margins, but some lie in the overlapping field of arc lavas and abyssal tholeiites. The Y content of the Kohistan rocks is low and on Crv. Y diagram (Fig. 4A, after Pearce, 1982) they classify, as M. QASIM JAN expected, as arc basalts. A similar conclusion can be drawn from a Ti-Zr plot in Fig. 4B (cf. Pearce  et aL, 1981) . The Ti-Cr and Ti-Zr-Sr relations of the rocks (Fig. 4C,D) are akin to those of arc lavas (cf. Pearce, 1975; Pearce and Cann, 1973) .
The TiO2-MnO-P205 and FeO*-MgO-A120 3 diagrams (Fig. 5A and B, respectively after Mullen, 1983, and Pearce et al., 1977) can distinguish volcanic rocks in several tectonic settings. In Fig.  5A they plot predominantly as island arc tholeiites and calc-alkaline basalts. In Fig. 5B most analyses classify as island arc-continental margin rocks but some extend into the MORB field (possibly due to cumulate effects). These rocks have lower SiO 2 (51-56%) than those of the analyses used by Pearce et al. (1977) for construction of the diagram. Note also that the two analyses in the SC field have SiO 2 > 58%.
Several diagrams were used to investigated the magmatic character of the rocks. Whilst the Chilas complex amphibolites have clearcut calc-alkaline character, the tholeiitic v. calc-alkaline affinity of the rocks from the southern belt poses some problems. On the Y v. FeO*/MgO diagram of Winchester and Max (1982) , most rocks appear calc-alkaline but some plot in the tholeiite field (Fig. 6A) . The FeO*/MgO against SiO 2 relations of the rocks (Fig. 6B, after Garcia, 1982) show that most follow the calc-alkaline trend of the Quaternary Mt. Hood volcanics but a few fall along the trend of Oman tholeiites. The MFA plots of the analyses, together with fields for tholeiitic and calc-alkaline rocks after Barker and Arth (1976) , are shown in Fig. 7 . With a few exceptions, the rocks are confined to the calcalkaline field. The calc-alkaline characteristic is also suggested by a decrease in TiO 2 and FeO with differentiation (Miyashiro, 1975) . It is therefore concluded that the southern amphibolite belt is derived from arc-related volcanic and plutonic rocks. Most of the 37 analyses display calcalkaline characteristics, but the presence of arc or oceanic tholeiites cannot be unequivocally ruled out on the basis of the present data.
Discussion
There is a common consensus that the IndusZangbo Suture (IZS) represents the northem limit of the Indian plate (Gansser, 1980) . The IZS is characterized by the association of ophiolitic mrlanges and blueschists, and island arc-type magmatic rocks are abundant to the north in Kohistan and Ladakh. It has therefore been suggested that northward subduction of the neoTethyan lithosphere along the IZS led to the development of the Kohistan-Ladakh arc (Tahirkheli (Pearce, 1982) , Ti-Zr (Pearce et al., 1981) , Ti-Cr (Pearce, 1975) , and Ti-Zr-Sr (Pearce and Cann, 1973) diagrams. Symbols as in Fig. 3 . Virdi, 1981; Andrews-Speed and Brookfield, 1982; Coward et al., 1982 Coward et al., , 1986 Honegger et al., 1982, Jan and Asif, 1983; Thakur and Sharma, 1983; Jan, 1985; Petterson and Windley, 1985) . Fossil evidence, radiometric dates and paleomagnetic data indicate that arc magmatism started in late Jurassic and continued during the Cretaceous, before the closure of the neoTethys during the Eocene (Powell, 1979; Dietrich et al., 1983; Molnar, 1986) . The post-Eocene plutons may be a product of crustal anatexis (Jan and Asif, 1983; Petterson and Windley, 1985) .
The sequence of magmatism in island arcs generally begins with tholeiitic, followed by calcalkaline and alkaline series (Jakes and White, 1970; Ringwood, 1974; Miyashiro, 1975; Condie, 1976; Windley, 1984) . Sugimura (1968) reported that the tholeiitic series is by far the most abundant volumetrically. The oldest rocks are: in the Ladakh arc the Dras volcanics, many of which are tholeiitic (Dietrich et al., 1983) ; and in the Kohistan arc the Chalt volcanics and the southern amphibolites. Although the latter are volcanic and plutonic, they may represent a metamor- Fig. 3. phosed limb of the Chalt volcanics around the Jaglot syncline (Coward et al., 1982) . The Chalt volcanics consist of pillow-bearing, primitive island arc-type, tholeiitic lavas succeeded by calcalkaline andesite to rhyolites (I.W. Luff, reported in Petterson and Windley, 1985) . A number of suggestions can be put forward to explain the apparent abundance of calcalkaline over tholeiitic rocks. (1) The complex structure of the southern amphibolite belt has not been investigated in sufficient detail to explore the possibility that calc-alkaline rocks are younger than the rare tholeiitic rocks. (2) The calc-alkaline rocks may be related to the Chilas complex which is slightly younger than, and seemingly intrusive into, the southern amphibolites. (3) The chemistry of some southern amphibolites has drastically changed during polyphase deformation and medium-to high-grade metamorphism. This possibility is difficult to assess but partial melting may have affected the alkali content of the rocks.
Another problem with the southern amphibolite belt is the apparent lack of ophiolitic components, since the arc is presumed to have grown over ocean floor. There are some small ultramafic lenses within the southern belt that are petrographically and texturally similar to 'alpine-type' peridotites. However, typical oceanic sediments have not been found and the present study suggests a lack of the volcanic components as well. Presumably, much of the oceanic crust was uplifted as blocks in the repeated pulses of magma eruption, to subsequently be eroded away.
Metamorphic conditions in the southern belt seem to have ranged from 550 to 680~ 4.5 to 6.5 kbar PHzo. The southern and northern margins of the belt, in the vicinity of the Chilas complex and IZS, may have undergone higher grade metamorphism or the belt may be synclinically folded so that rocks of higher structural level (and lower T metamorphism) now occupy the middle part of the belt. Under the estimated metamorphic conditions, partial melting of the amphibolites would lead to production of granitic melts. The amphibolites are locally migmatized and they contain veins, sheets and bosses of granitic rocks. These have not been dated but most appear to be syntectonic, synmetamorphic. The ptagiogranite components in the banded amphibolites may also have been produced during metamorphism.
Petterson and Windley noted that the 87Sr/86Sr initial ratios of five granitic plutons in the Kohistan batholith vary between 0.7039 and 0.7052, suggesting that the source of granitoides may be (a) the upper mantle, (b) the lower crust which is depleted in Rb and has a similar Rb/Sr ratio to the mantle, or (c) the middle-upper crust with Fig. 6A is after Winchester and Max (1982) . Oman tholeiJtr and Cascades (Mt. Hood volcanics) calcalkaline trends are adopted from Garcia (1983) . Symbols as in Fig. 3 .
a low 875r/86Sr initial ratio and a short crustal residence time. Since the southern amphibolites represent the lower-middle crust of the Cretaceous arc, there is a possibility that some of the granitoids in the Kohistan batholith are derived from these rocks. 4~ ages of hornblende in samples 177 and 462 are 50 and 42 Ma, respectively. It is doubtful that these ages record prograde metamorphism. Since the initial collision between the arc and Indian plate took place 55-50 Ma ago (Powell, 1979) , the two dates reflect cooling and uplift. Jan and Kempe (1973) reported a 67Ma K/Ar hornblende age for a secondary pegmatite in the Chilas complex. Zeitler (1985) has reported several fission track zircon ages (14 to 53 Ma) and an 4~ hornblende age (86 Ma) from the southern amphibolites and the adjoined Chilas Boundaries between tholeiitic and ealc-alkaline fields are after Barker and Arth (1976) . Symbols as in Fig. 3 . Plots also include two analyses from Shams (1975) .
complex. He regards all these dates as cooling ages. Thus, metamorphism in the southern belt may have taken place during Mid Cretaceous in response to subduction and emplacement of the Chilas complex.
